ARR No. 3L03 



NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 



WARTIME REPORT 

ORIGINALLy ISSUED 

December 1943 as 
Advance Restricted Report 3L03 

CONSTRUCTION OF WIRE STRAIN GAGES FOR ENGINE APPLICATION 
By J. Gary Nettles and Maurice Tucker 

Aircraft Engine Research Laboratory 
Cleveland, Ohio 



fWPERTY OF JET PROPULSION UBORATORY LJB^^^ 
CAUFORNiA INSTITUTE UF TECHNOLOGY 




WASHINGTON 



NACA WARTIME REPORTS are reprints of papers originally issued to provide rapid distribution of 
advance research results to an authorized group requiring them for the war effort. They were pre- 
viously held under a security status but sire now unclassified. Some of these reports were not tech- 
nically edited. All have been reproduced without change in order to expedite generad distribution. 



E-122 



NATIONAL ADVISORY COMITTSE FOR AERO^IAUTICS 



ADVANCE BESTRICT"SD REPORT 



CONSTRUCTION 0? WIRE STRA.IN GAGES FOR ENGINE APPLICATION 
By J. Gary Nettles and Maurice Tucker 

SUMMARY 

Detailed instructions are given for winding^ "baking^ and neunt- 
ing a phenolic res in- impregnated, bobbin- type wire strain gage that 
consists of Advance wire around aroimd a paper form. A brief des- 
cription of some test equipment useful for establishing the merits 
of the teciiniques used in gage construction has been included. 

Gages of the bobbin type were found suitable for applicati.^ns 
on internal- combustion engines inasmuch as their performance was 
satisfactory over a temperatiore range considered ample for mcut 
engine tests, their characteristics were such that they were imaf- 
fected by hot engine oil, and their construction was relatively 
simple. The effect of gage length upon the strain-gage constant 
of the bobbin-type strain gage was fo^ond to be negligible for gage 
lengths gi^eater than 3/8 inch. 

DiTEODUCTION 

Commercially available wire strain gages are satisfactory for 
use in most structural applications whore high temperatures are not 
encoujitered and where space limitations are not critical. Strain 
gages intei.ded for use on parts of internal- combustion engines in 
operation must obviously be able to withstand high temperatures as 
well as other adverse conditions. 

The pei-formanco of a wire strain gage in operation at high tern- 
peratui^es is primarily detormined by the adhesive used for bonding 
the wires in the gage and for attaching the completed gage to the 
test piece. Extensive research has been done on adhesives for 
strain- gage use at the langley Memorial Aeronautical Laboratory. 
On the basis of the data obtained thus far, a thermosetting phenolic 
resin cement, manulVactured by the Bakelito Corporation and desig- 
nated BC-6035, was selected as being most suitable for strain gages 
in use at temperatures to 500^ F. 

This paper will describe the constinction, application, and test- 
ing techniques for a phenolic res in- impregnated wire strain gage of 
the bobbin type. This typo of strain gage was developed at Langley 
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Memorial Aeronautical Laboratorv^ Langley Field, Va, ^ dnring the 
spring of 1942 for use in the determination of stresses in en^^ine 
parts under operating conditions, 

CLASSriTICATION OF GAGS TYPES 

Wire strain gages ma^ "be c3_as3ified^ on the has is of the winding 
method used, as follows; spiral^ B'^''^^ , and bobhin types. Although 
the authors have not made use of the spiral-type gage^ a hrief dis- 
cussion of this type will "be included. 

S piral typ e. - The spiral-type gage is used only on cylindrical 
test pieces. The resistance wire is 'round as a helix of small angle 
avound the outside surface of the test piece after the test piece has 
'oeen s^.lta'cly insrlatod. In meas'u-ement of axial strain the spiral- 
t;j-'pe gage does not achieve the eff-Jcioncy of the grid or hoohin t;:,T)es 
"because on].y a component of the lateral strain, detcnuined from 
Poisson^s r-at-^'.o, can ac^t to vary the gage resistance; the component 
of the axial strain is considered negligible. 

The 3piral-t;^e gage can be effectively used for measuring tor- 
sional strains in cylindrical parts and for measuring internal pres- 
sures in pipes. 

Grid_type. - The grid- type gage, originated by I^^Ir. S. E. Simmons 
of the California Institute of Technology and Prof. A. C. Euge of the 
Massachusetts Institute of Techjiology, requires the use of a pin Jig 
for winding. Each of the IIACA Jigs, shoTO in figure 1, has two rows 
of pins with a space between rows equal to the desired gage length. 
Sice paper, folded imder at each end so as to fit between the rows of 
pins, is used as a backing for the gage wires. The strain- gage wire 
is looped about each pin, alternating between the pins of each row. 
After the gage is cemented and baked, it is taken off the Jig and the 
rico-papor folds are straightened so as to extend past the loops of 
the wire grid. The loops are cemented during the mounting of the 
strain gage on the test piece. 

The grid- typo gage, constructed as indicated, has proved unsat- 
isfactory because of its relative difficulty of construction, because 
of frequent failv:res in service, and because of the required altera- 
tion of the pin Jig when a change of gage length is needed. 

Bobbin t.v-pe. - The bobbin-t;7pe gage was developed by the ITACA to 
avoid the objections mentioned for the grid-type gage. The bobbin- 
t^^e gage is of rugged construction and can bo wound either by hand 
or by machine. A strip of paper is cut to the desired dimensions 
and the gage wire wound aboirt the paper. It has been foiuid that a 
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gage 9/I6 inch sqi;.are^ wound vith sufficient turns to give a resist- 
ance of 500 olTms is of convenient size. The over-all thiclmess of 
the car^e is approxilriatel..." 0.010 inch. Chan^^es in oa^e length are 
accomplished merely by varying the dimensions of the paper. Bohhin- 
'^yV^ S^-£®s may he constructed for application either to plane siir- 
faces or to cylindrical siJirfaCv3S and will he tx-'eated In dete.il in 
the rest of this paper. 



CONSTRUCTION OF BOBBH^I-TYPE GAGES 

Cement Baking Cycle 

Bakellte cement 3C-GC35^ when thinned with ethyl alcohol, is 
cured by the follov/lng hairing cycle: 

A. 1 hour at 170^ F 

B. 2 hours at 220^ F 

C. 2| hours at 290^ F 

In step A the solvent Is evaporated, in step B the cement is 
given a preliminary cure, and in step C the cement is given its final 
cure. Step B is u.sed to allow the cement to cure without Duckling 
of the gage form. After the cement is completely cured, the bond is 
strong, is resistant to creep, and cannot be dissolved, A strain 
gage mounted with Bakellte cement cannot be removed and used afijain. 



Plane-Surface Gages 

Kraft paper 0.C03 inch thick Is used as the gage form. The 
paper is given a thin coat of Bakellte cement and baked through 
steps A and B of the cycle. The consequent stiffening of the paper 
makes it possible to wind the wire, ujider tension, without buclcling 
of the foi-m. After the treated paper is cut to the desired dimen- 
sions and all rou.gh edges are sanded and rounded, the form is ready 
to be wcund. 

A winding machine (fig. l) has been developed by the NACA for 
simplification of the winding process. The machine essentially con- 
slscs of two clamps geared to rotate together; the gage form is hold 
between the clamps. A guide carried on a lead screw feeds the wire 
and pjovldes the desired clearance between adjacent tui-^ns. Spacings 
of 45. 90, or 180 tuj^ns per inch can be obtained by selection of the 
pjroper lead screw. 
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Alter the wire has been wound on the gage form, the end tiirns of 
the winding are run diagonally from the hody of the winding to the 
ends of th^ gage form and temporarily secured. The Dody of the wind- 
ing is coated with cement, and thin rag paper is placed over the top 
and bottom s'orfaces of the winding as shora in figvjre 2(a). The gage 
assembly is clamped hetween two steel plates that are covered with 
wax paper en the clamping surfaces to prevent the gage from sticking 
to the plates. After the clamped assembly is subjected to steps A 
and C of the baking cycle, the steel plates are removed. Step B of 
the baking cycle is unnecessary because the clamping plates prevent 
buckling of the winding. 

The tabs, which are made of 100-mesh brass screening, are tinned 
with lead solder before installation on the gage form. The excess 
t-Arns extending past the imcemonted portion of the winding are then 
looped arovjid the tabs as shora in figui-e 2(b) and soldered to the 
tabs with lead, using Tin-Kwik flux. The soldered joints are care- 
fully washed wibh water to remove any excess flux. 

The tabs are then coated with Eakelite cement and baked. Steps 
A and C of the baking cycle are used. The cement penetrates the 
m^eshes of the brass screening, giving a strong mechanical bond between 
tab and gage form after baking. The portions of the end turns on the 
bottom surface of the gago are removed and the gage form is trimmed. 
The strain gage Is then ready for attachment to a test piece. 

Bobbin-t:vTpe strain gages constructed as indicated, although 
primarily for^so on piano S'.?.rface3, have been fo'und usable on 
s^Arfacos of relatively slight curvature. 



Cylindrical-Surface Gages 

Cylindrical-surface gages are woi.uid in the same manner as plane- 
surface gages. Electrical insulating paper 0.005 inch in thickness 
is used for the gago form. The length of the form must be sufficient 
to cover the test section and to allow for clamping, as show, in fig- 
ure 5. The excess gage wire is looped over the tabs and soldered to 
the tabs with lead. The form carjiot be stiffened by application of 
Bakelite cement because the flexibility of the gage wo^old be destroyed. 
In order to inshore that the gage form does not buckle d^oring the wind- 
ing process, the gage wire is wound with less tension than that em- 
ployed for winding plane-surface gages. The strain gage is not 
coated with Bakolite cement until Just before assembly on the test 
piece. 



Special Types 

Several t^'pes of special gage construction have "been developed 
for specific applications^ 

Torsion gages. - For measiorement of torsional strains in shaft- 
ing^ The strairT^gage should "be so located that the gage- element wires 
are at an angle of 45^ to the shaft axis. Inasmuch as the strain 
gage is equally responsive to tensile or to compressive strains^ it 
may "be so mo-'jnted that the gage-element wires are parallel to either 
of the 45^ directions. With this requisite in mind^ a gage fom is 
cut to the desired dimensions and the gage wire wound at an angle 
of 45^ to -che base line of the form. The strain gage is then com- 
pleted in the same manner as descrihed for gages on plane or cylin- 
di^ical surfaces^ depending upon the diameter of the shaft under con- 
sideration, A diagrammatic &l<:etch of a torsion gage and its mounting 
position on a shaft are shown in figure 4» 

Cross-w ire j^ages. - The problem of temperature compensation is 
very importanb vherTsteady strains are to be measured. The use of an 
unstrained or d^^immy gage in a /Jheatstone bridge as a substitute for a 
standard resistjr offers an effective solution to the problem; there 
are times, however, when this method cannot be used. Reference 1 
suggests still another solution for the special case where unidirec- 
tional stress conditions exist - the self- compensating or cross-wire 
gage. The gage, in effect, consists of a standard wire st-tiin gage 
with another gage wovu::d on' the same form at right angles to the first 
gage. Use of the gage as two arms of a TTheat stone bridge provides 
temperature compensation inasmuch as temperature changes affecting 
one winding must affect the other winding in a like manner. 

The outstanding advantages of the cross-wire gage are that less 
space is needed than for the dummy gage and tliat its temperatui^e com- 
pensation is i^sually the more effective of the two methods. 

It was found necessary to subject the first windirig to parts A 
and B of the basic baking cycle before starting the second winding. 
The defect listed for this type of gage in reference 1^ that the gage 
cannot be effectively cemented in the lateral direction^ can be reme- 
died by use of the techniguos previously described. A diagrammatic 
skatch of a cross-wire gage is sho-m in figure 5(a). 

Stra in ro sett es. - A strain rosette is used for the determination 
of the magnitude and direction of the principal stresses in an engine 
part subjected to complex Ic/ading conditions. The transition from 
the cross-wire gage to the strain rosette is a logical one because the 
rosette requires only one additional winding. Enameled Advance wire 
is used for the gage-element wires. As in the case of the cross-wire 
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gage, each winding is put through parts A and B of the hakin.^ cycle 
hefore the next is added. Figrjre S^b) shovs a shetch of a 45^ 
strain rosette. 

ETSTi'^JLL.ViTON OF I3033IK-TYPE GAGES 

Bakelite cement BC-6035 is also used for attaching the strain 
gages to test pieces. This attachment necessitates the use of the 
"baking cycle. An electric oven is used when gages are to "be mounted 
on small engine parts; local heating is used when the engine part is 
too large for an oven. Electric-strip heaters attached to copper 
"blocks that are fashioned to fit the specific test si-urface offer a 
simple yet effective method of local heating. 

Installation on Plane Surfaces 

The engine part is cleaned with carbon tetracliloride to remove 
any oil or grease, A thin coat of Bakelite cement is applied and 
the strain gage is placed in position. Layers of soft cardboard are 
"built up over the gage as shown in figui'e G and a clamp Is used to 
held the assembly in place for baking. After steps A and C of the 
baking cycle are applied, the clamp and cardboard strips are removed. 
The strain gage is then ready for use. 

Installation on Cylindrical S^orfaces 

The procedrjre for moimting cylindrical- s'lrf ace sxrain gages is 
similar to that used for mounting plane- sui-'face strain gages. The 
engine part is cleaned with carbon -oetrachloride and coated with 
Bakelite cement. The strain gage is given its first coating of 
cement, on both top and bottom surfaces, and is placed between two 
strips of thin porous paper. This assembly is wrapped around the 
test part and the ends are inserted into a clamp, as in figure 3. 
The ends are piuLled tightly to allow the strain gage to seat itself 
to the cylindrical surface. 

The gage is then ready for the baking cycle in which steps A, B, 
and C are applied. After completion of the baking, the clamp is 
removed and the paper ends are cut off flush with the surface. After 
the soldered spots on each tab are scraped free of the outside layer 
of paper and the leads are soldered to the tabs, the gage is ready 
for use. 
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TESTING OF BOBBIN-TYPE GAGES 
Gage Constants 

The strain-gage constant is arbitrarily^ defined as the ratio of 
unit-resistance change to unit strain. The ty^e of wire used for 
the gage will determine the maximum value of the constant obtained. 
Reference 2 discusses the vai'ious types of wire that are available 
for use in strain-gage construction. The authors of the present 
paper found that Advance wire^ 0.001 and 0.0015 inch in diaiaeter, 
gives very satisfactory results for engine applications. 

For a given type of wire the gage lengthy measured along the 
gage- element wires ^ maj'" have an appreciable effect upon the gage 
constant (fig. 7). These data were obtained from 30 gages momited 
on steel beains of 1-inch square section that were loaded in bending 
as overhanging beams. 

The pcrf'on of the winding taken up by the bends in the gage- 
element wires is practically unaffected by strain and tends to lower 
the gage constant. The percentage of the total length of the gage 
winding taken up by these bends will increase as the gage lengih is 
decreased. 

Strain-Gage Test Equipment 

Although the list of equipment necessary for effective strain- 
gage work is almost an endless one^ certain basic apparatus can be 
used to perform most of the tests required. The equipment described 
will be liiuited to apparatus foimd essential for preliminary testing 
and for establishing the merits of the techniques used in gage 
construction. 

NACA strain-gage bri d ge (fig^ 8) . - A standard Wheat stone bridge 
can be used to measure gage-resistance increments due to strain. It 
was found advisable^ however^ to make certain alterations that expe- 
dited strain-gage testing. A schematic wiring diagram of a bridge 
that was found very convenient is shoim in figure 9. The bridge was 
designed to enable either a single-winding gage or a cross-wire gage 
to be tested. Single- winding gages are connected to terminals A and 
B; cross-wire gages are connected to terminals A^ B, and D. The 
bridge gage which is mounted on a cantilever bar inside the bridge 
box^ is temperature- compensated by a dimimy gage E4. 

The resistance of P.g may be smootlily varied by turning the strain- 
dial head on the micrometer screw that deflects the cantilever beam. 
The strain-dial head is calibrated in microinches per inch. With the 
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bridge in "balance and the test gage unstrained, application of 
strain to the test gage vill imoalance the bridge. The bridge can 
be rebalanced by varying the resistance of Rg* 1'^^ increment of 
strain, read on the strain-dial head, corresponds to the strain • 
that changes the resistance of the test gage R^. This relation 
is true regardless of the initial resistance of the test gage Ri 
inasmuch as a percentage change in the resistance of Rq^ can alvays 
be balanced by an eq^ual percentage change in the resistance of Rg* 
A decade resistance rait R5 is used either as the fourth arm of 
the bildge when single-winding gages are tested or as a balancing 
resistor when a cross-wire gage is tested. 

Static- loa d beam . - The static-load beam (fig. 10) is used pri« 
maril~ior the application of knowTi strains in the detemination of 
strain-gage constants. The apparatus consists of an overhanging 
beam and a loading s; stem. The bending moment along any section^of 
the beam between supports is necessarily constant and thus facili- 
tates the testing of several gages mounted on one test bar. An 
electric f^Jirnace may be used in conjunction with the static-load 
beam for temperatur-e tests of strain gages under static load. 

Dynamic calibrator . - The dynamic calibrator (fig^ 11) ^^as 
developed by the KACA for determination of strain-gage character- 
istics under dynamic loadings. The strain gage is mounted on a^ 
cantilever beam which, if desired, riay be enclosed by an electric 
furnace. Tlie amplitude of the cantilever-beam deflection can be 
varied by means of a double-eccentric cam. A choice of four de- 
flection freq^uencles is provided by use of stepped pulleys. 



Strain-Gage Temperat\ire Tests 

Bobbin-t,vpe strain gages const?ructed as described in this 
paper wore tested for performance wonder dynamic- strain loadings 
over a temperature range considered eimple for most engine applica- 
tions. Figure 12 shows the percentage variation of the d^^namic- 
sigrial voltage at various gage temperat^ores for an Advance-wire 
strain gage subjected to a dynamic strain of constant amplitude 
and frequency. The circuit usod was a direct -current excitati.>n 
system. The diy-namic- signal voltage was found to have decreased 
loss than 5 percent at a temperature of 500^ F. Changes in clastic 
properties of the test bar due- to tost conditions (nonuniform heat- 
ing of the test bar along its length) may have contributed to the 
decrease in gage-signal output at the higher temperatures. It 
should be noted that the lead used as solder was probably begin- 
ning to flow at the higher tost temperatures. 
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Tests were also made to detemine the effect of hot encine oil 
upon strain- gage performance. For these tests a wire strain-^age 
was tested on the static-load hoaiu and then conpletely liiiraorsed in 
oil that was roaintained at a temperature of 250^ After iinmersion 
for 68 hoi.;rs the strain gage \jas again tested on the static-load 
heam. Expos^are to engine oil at this temperature was found to have 
no effect upon the characteristics of the strain gage. 



COITCLUSIONS 

The following conclusions apply to Bakel it e- impregnated 
Advance-wire strain ga^es made and tested as descrihed: 

1. The gages were foimd to he relatively easy to construct. 

2. The gages were not affected oy hot engine oil. 

3. The dynamic performance of the strain gages was only 
slightly affected by temperatures over a temperature range con- 
sidered ample for m.ost engine applications, 

4. The effect of gage length upon the strain- gage constant^ 
was found to oe negligible for gage lengths greater than 3/8 incl' 
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Figure 9.- Schematic circuit diagram of the MCA strain-gage "bridge. 




Tiguxe 11.- Dynamic calibrator. 
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Figure 12. - Effect of temperature on the dy n am i c- s i g n a I output of a Bak e I i t e~ i mp reg n at ed 
wire strain gage wound with 0 . 00 I 5- i n c h- d i ame t e r Advance wire subjected to a vibratory 
strain of constant amplitude and frequency. 



